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INTRODUCTION
Cancer cachexia syndrome is characterized by systemic inflammation, body weight loss, remodeling of adipose tissue (AT), and skeletal muscle wasting 1 .
Consequently, it results in reduced quality of life, decreased survival, and increased complications due to cancer treatment. Cachexia is the main cause of death in approximately 20% to 30% of all patients with cancer 2 . In cancer cachexia patients, impairment of AT lipid metabolism has been demonstrated and longitudinal studies have established that AT loss precedes muscular atrophy 3 . The changes that characterize AT remodeling comprise: an increase in infiltrated inflammatory cells 4, 5 , extracellular matrix rearrangement 4, 6 and the appearance of beige cells 7 in subcutaneous AT (scAT). The physiological role and consequences of cachexiainduced browning are not known. The current consensus is that multiple factors contribute to cancer cachexia, and therapy requires combinational strategies 8 .
Interestingly, pharmacological intervention aimed at attenuating the AT remodeling in cachexia have shown satisfactory results, particularly in mitigating tumor growth and increasing animal survival 9 .
A plethora of evidence from both patients and animal studies suggest a compelling link between activation of the inflammatory pathways and development of cancer cachexia 10, 11 . In fact, systemic inflammation has been proposed as a critical feature of cancer cachexia, and anti-inflammatory strategies are considered central to the therapy 10 . It is likely that pathways responding to similar pro-inflammatory cytokines that mediate both sterile and infectious inflammation are critical in cancer cachexia. The Toll-like receptor (TLR) system is potentially one such pathway. In a cancer cachexia animal model, genetic ablation of TLR4 elicited a less severe cachexia with an accompanying lower body weight loss, greater lean body and fat mass, and clinical evidence of reduced wasting compared with the age and weightmatched WT mice 11 . More recently, an elegant study showed that TLR4 is a crucial mediator of cancer-induced muscle wasting due to its integration of catabolic signaling by directly activating muscle protein degradation and indirectly increasing cytokine release 10 . Thus, TLR4 may be a critical therapeutic target for cancer cachexia. The role of the TLR4 pathway in AT remodeling during cancer cachexia development remains unexplored.
Based on these considerations, the present study was designed to further investigate the role of TLR4 on AT remodeling and cachexia development. Using a genetic ablation and pharmacological inhibition of TLR4 we demonstrate that the TLR4 pathway plays an essential role in modulating both thermogenic and proinflammatory pathways in fat. Suppression of TLR4 signaling results in a robust resistance to AT remodeling, reduced cachexia, and increased survival. Our study sheds light on TLR4 pathway as a promising target for therapeutic intervention for cachexia.
RESULTS

TLR4 deletion attenuates AT remodeling induced by cancer cachexia in TB-
mice. During the development of cancer cachexia, AT remodeling arises from morphofunctional and inflammatory changes that result in AT dysfunction. Consistent with these observations, we used the Lewis Lung Carcinoma (LLC) cell line to induce cancer-associated cachexia in vivo. After 28 days of cell inoculation, we began to observe the classic cachectic symptoms in vivo. WT mice (C57BL/6) showed a reduction in total body weight (12%) after the protocol (Fig. 1A) . Adipocyte atrophy in scAT demonstrated by marked reduction in adipocyte size (58.2%) and 6 significantly increased fibrosis demonstrated by total collagen content in the extracellular matrix ( Fig. 1B and 1C ) were also observed. Furthermore, the presence of CD68 and TNF-α positive staining in scAT was found, while no significant difference in CD3 positive cells in scAT was observed ( Fig. 1B) . On the other hand, TLR4 -/-TB mice did not show signs of loss in the total body weight after the cachexia induction, while also presenting a hindrance in adipocyte atrophy and a reduction in the number of TNF-α and CD-68 positive cells in scAT when compared to WT TB group ( Fig. 1A-1C ). Taken together, the effects of cachexia on inducing AT remodeling were attenuated in TLR4 -/-TB mice.
To better understand AT inflammation and the role of macrophage polarization during cancer-associated cachexia, we evaluated AT macrophage (ATMϕs) profiles in scAT from WT and TLR4 -/mice during development of the syndrome. In this case, scAT demonstrated an increase in ATMϕs (6.0-fold) ( Fig. 1D and 1E) with an enhancement in M1 (7.0-fold) and a decrease in M2 ATMϕ populations in WT TB mice ( Fig. 1D ). In this regard, we extended these findings by presenting in greater detail that in models of LLC-induced cachexia, ATMϕs polarization tends to be directed towards an M1 phenotype. On the other hand, the TLR4 -/-TB mice presented a consistent attenuation in ATMϕs infiltration (55.3%) and a decrease in the ratio of M1/M2 macrophages (93.2%) in the scAT when compared to WT TB mice ( Fig. 1D and 1E ). In addition to the macrophage polarization, M2 phenotype are higher in TLR4 -/-(4.5-fold) and TLR4 -/-TB (12-fold) when we compared with yours respectively controls ( Fig. 1D ). Therefore, attenuation of TLR4 present a reduction in the recruitment process of ATMϕs thus playing an interesting role during the development of cancer cachexia syndrome.
Triglyceride turnover is not affected during cachexia in TLR4 -/-TB-mice.
Considering the attenuation of the AT remodeling seen in TLR4 -/-TB mice in response to cachexia, the next step was to evaluate the cachectic response of primary adipocytes (scAT) after isoproterenol (ISO)-stimulus, to evaluate the lipolytic response. During cachexia development, an increase in glycerol released (1.2-fold) in WT TB group was observed relative to the WT group ( Fig. 2A ). On the contrary, TLR4 -/-TB adipocytes showed lower lipolytic values when compared to the TLR4 -/group as well as to the WT TB group (86.8%) ( Fig. 2A ).
Once the attenuation of cachexia-induced lipolysis was shown in TLR4 -/-TB mice, serum concentrations of non-esterified fatty acids (NEFA) and palmitic acid levels from the scAT in the different experimental groups were evaluated ( Fig. 2B and Fig. 2C ). A significant increase was found in NEFA serum concentrations after the cachexia induction in WT TB mice. However, the serum concentration of NEFA was reduced by 36.3% in the TLR4 -/-TB mice ( Fig. 2B ) when compared WT TB.
Palmitic acid levels in scAT were reduced by 18.9% in the WT-TB mice when compared with the WT mice ( Fig. 2C ). There was no cachexic effect in TLR4 -/-TB ( Fig. 2C ).
The main lipolytic enzymes were also evaluated. Hormone-sensitive lipase (HSL) showed an increased phosphorylation at ser-660 in WT-TB group, without alteration in the TLR4 -/-TB group ( Fig. 2D and 2E ). There was no change in ATGL level in any experimental condition evaluated ( Fig. 2D and 2E ). In this scenario, since triacylglycerol (TAG) turnover is affected by cachexia and partially diminished by TLR4 deletion, we evaluated genes involved in fatty acid metabolism in adipocytes.
In general, the effect of cachexia on the expression of scAT metabolic markers was reduced in the absence of TLR4. In particular, cachexia reduced expression of Pck1, Acsl1, and Acads in the WT TB, but not in the TLR -/-TB mice ( Fig. 2F ).
TLR4 deletion reduces AT browning and p38MAPK signaling in TB mice. To assess whether TLR4 mediates AT energy expenditure, thermogenic markers were measured in scAT. We found that immunohistochemical staining of UCP1 was increased (1.3-fold) in TB mice ( Fig. 3A and 3B) . Surprisingly, WT and TB TLR4 -/mice showed a significant reduction in UCP1 staining ( Fig. 3A and 3B ).
Corroborating of this data, the gene profile of the browning "signature" from scAT showed a marked upregulation of Ucp1 levels in cachectic mice (WT TB), but on the other hand, a significant attenuation in the browning profile was demonstrated in TLR4 -/group, as illustrated in Fig. 3C .
Adaptive thermogenesis and UCP1 expression are mainly regulated by sympathetic tone through β-adrenergic signaling and cAMP levels, which can be directly sensed by protein kinase A (PKA) and thus lead to direct or indirect activation of p38 MAPK. Although cachexia induced phosphorylation of p38 MAPK in WT TB, TLR4 -/-TB group did not show any change ( Fig. 3D and 3E ). There were also no changes in the phosphorylation of AMPK ( Fig. 3D and 3E) and PKA substrates in any of the experimental conditions evaluated (data not shown) in TLR4 -/-TB mice.
TLR4 is required for cold-induced browning of inguinal white adipose tissue.
Having shown that TLR4 is required for browning of scAT during cancer-associated cachexia, we subjected WT and TLR4 -/mice to chronic cold (6°C) challenge to see if TLR4 is required for general adaptive thermogenesis ( Fig. 4A ). There was a marked 9 reduction in cold-induced browning in TLR4 -/mice compared to WT mice ( Fig. 4A and 4B). Interestingly, expression of proteins linked to the lipolytic pathway (HSL, ATGL, and Perilipin) was the same across both groups (WT and TLR4 -/-), when compared to WT at 22°C ( Fig. 4C ). Although oxidative metabolism (TCA cycle) was stimulated by chronic cold exposure in both groups (WT and TLR4 -/-), the increase in Cpt1b gene expression was evidenced only in WT, with no change in the TLR4 -/mice ( Fig. 4D ).
Atorvastatin treatment increases survival and attenuates browning.
In order to propose a translational approach and to correlate the data with the genetic model, WT TB mice were treated with a 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase enzyme inhibitor, atorvastatin (ATOR). In recent years [12] [13] [14] , the antiinflammatory and pleiotropic effects of this drug have been described, such as inhibition of NFκB activation and downregulation of Tlr4 and Myd88 gene expression.
To evaluate if pharmacological attenuation of TLR4 would have an impact on clinical features of cachexia, WT TB mice were treated with ATOR ( Fig. 5 ). The treatment was effective in prolonging the mice survival ( Fig. 5A ) and also in attenuating scAT atrophy (2.0-fold) and tumor mass growth (49.7%) when compared to TB untreated group (Fig. 5B ). Lipolysis was also evaluated in 3T3-L1 cells. Cells that were stimulated with lipopolysaccharide (LPS) and treated with ATOR showed a reduced lipolytic response to the LPS stimulation when compared with untreated cells, showing a significant reduction in 6 hours (41.3%) and 24 hours (45.6%) as illustrated in Fig. 5C . Interestingly, ATOR was also able to reduce cachexia-induced browning and atrophy of scAT ( Fig. 5D ). Furthermore, the profile of the signature browning genes from scAT showed marked downregulation of Ucp1 (85.5%), Prdm16 (91.7%) and
Cidec (98.3%) after ATOR treatment in TB mice, as shown in Fig. 5E . When ATMϕ polarization was analyzed, ATOR treatment appeared to have reversed the previously described M1 ATMϕ polarization within AT.
During cancer cachexia syndrome, systemic inflammation plays a key role in the scAT remodeling, directly influencing the composition of the immune system present in AT, and, consequently, the patient's immune response. In the present study, we demonstrated that WT TB mice present high plasma concentrations of proinflammatory cytokines in response to cancer-associated cachexia ( Fig. 5G ).
However, after pharmacological treatment with ATOR, it is possible to see a significant decrease in almost all these cytokines, returning the plasma concentration levels to a degree comparable with the WT group (Control group -without cachexia).
These results demonstrate that treatment with ATOR is sufficient in improving the inflammatory profile of the cachexic, tumor-bearing mice.
DISCUSSION
Cancer-associated cachexia is a complex metabolic state accompanied by poor quality of life, high mortality and also resistance to chemotherapy [15] [16] [17] . Several clinical interventions to try to improve cachexia through anti-inflammatory drugs and insulin sensitizers but studies have shown limited results 18, 19 . Circulating factors produced by the tumor and/or host itself may play an important role for therapeutic treatment for cachexia. Once the factors are identified, they can be targeted for therapeutic intervention.
In our study, we demonstrated that ATOR treatment was effective in increasing the survival of the cachectic mice, in addition to attenuating the main signs and symptoms of cachexia, an effect also observed in the genetic TLR4 -/model.
Thus, in addition to the anti-inflammatory and protective effects of skeletal muscle mass as previously demonstrated 10 , we have shown that TLR4 activation is "directly" involved in metabolic disorders in AT such as triglyceride (TG) turnover and browning phenotype, both parameters relevant to the remodeling and dysfunction of AT induced by cachexia. Therefore, the results obtained with the ATOR treatment and TLR4 -/mice during the development of cachexia suggests that the TLR4 pathway plays a fundamental role in maintenance of AT during cachexia syndrome and is a strong candidate for novel anti-cachectic therapy development.
During the development of cancer cachexia, AT remodeling occurs predominantly through morphofunctional rearrangement that is an endpoint process associated with immune-metabolic dysfunction of such tissue 4, 5, 9, 15, 23 . In WT TB mice, body weight loss and AT mass wasting were detected, as well as a set of features related to AT remodeling. Interestingly, TLR4 -/-TB animal showed to be protected against the effects of cachexia, particularly related to an absence of body weight loss and AT wasting. In obesity (humans and mice model) [24] [25] [26] a close link between inflammation, production of ECM, development of fibrosis and consequently tissue remodeling was demonstrated in liver and kidney. In these organs, there is mounting evidence that TLR4 acts as a key regulator in fibrogenesis [27] [28] [29] a condition that may or may not be related to TLR4 -/-ATMϕs response. However, despite the possible involvement of TLR4 and AT remodeling in cancer cachexia, this topic was not addressed and needs further analysis.
12
Another relevant aspect of cancer cachexia-induced AT remodeling is the establishment of AT inflammation that was recently characterized by increased recruitment of ATMϕs, including activated M1 and M2 macrophages 5 . In fact, ATMϕ infiltration of scAT has consistently been demonstrated in different experimental models 30 . This scenario has also been demonstrated in patients with cancer and cachexia 4, 5 . However, the polarization of ATMϕs in scAT was addressed only recently 5, 7 . In this regard, we extended these findings by presenting in greater detail that in cachexia induced by LLC cells, ATMϕs polarization tends to be directed to an M1 phenotype. On the other hand, the TLR4 -/-TB presented a consistent attenuation in ATMϕs infiltration in scAT, but in this phenotype, the polarization tended towards an M2 phenotype
The increase in ATMϕs infiltration, largely owing to the recruitment of M1-polarized (or pro-inflammatory) macrophages, and the accompanying increase in crown-like structures are both well-characterized features 31, 32 and a hallmark of AT inflammation during high fat diet (HFD)-induced obesity. However, when obesity is induced in TLR4 -/mice, the increase of AT inflammation was delayed and moderate 24 . In addition, considering that TLR4 is a key initiator of macrophage response and a modulator of systemic insulin sensitivity 33 , the exact mechanism by which TLR4 deficiency affects AT inflammation remains to be explored and would require the generation of an adipose tissue-specific knockout mouse model for TLR4.
In addition to the morphological and inflammatory dysfunction that result in AT remodeling in response to cachexia, TG turnover is the most well-characterized metabolic disorder associated with this condition 4, 5, 34 , with increased lipolysis being the mechanism best described in the literature 23, 35 . In this way, cachectic WT mice led to higher adipocyte lipolysis, which is in line with recent studies demonstrating that 13 AT lipolysis represents a key factor involved in cancer cachexia in both animals 23, 35 and weight-losing human patients 36 . However, adipocytes from TLR4 -/mice were less effected by cachexia and showed very attenuated response to ISO-stimulation.
As lipolysis was strongly decreased in animals lacking TLR4, we attempted to define the main molecular events that lead to cachectic adipocyte metabolism, and so we analyzed the protein expression of key enzymes involved in lipolytic pathways.
Although we do observe a higher level of expression or an activating phosphorylation of HSL ser-660, which could explain the greater amount of adipocyte lipolysis observed in cells from cachectic mice (WT TB), such effect was not observed in cachectic TLR4 -/mice. In fact, the increased activity of HSL has been demonstrated in response to cachexia 5, 21, 37, 38 . Even more recently, modulation of lipolysis in different experimental models of cachexia has been shown to be more related to reduced activation of phosphorylation of HSL ser-565 (inhibitory site) and phosphorylation of AMPK, which would increase the lipolytic activity of AT 21, 23 . In this sense, we demonstrated that the reduction in lipolytic capacity observed in the TLR4 -/-TB mice was might be followed by changes in phosphorylation of HSL ser-660 induced by cachexia. However, additional studies should address these topics for a better understanding of the pathways involved in modulating lipolysis under these conditions.
Once TLR4 -/-TB mice were found to be resistant to the lipolytic effects induced by cachexia, we also evaluated some parameters related to the cycle of NEFA release from the breakdown of stored TGs and re-esterified to TGs (TG turnover). In human cachectic patients, enhanced of TG turnover activity in AT has been shown, as determined by metabolic labeling assay 17 . In our study, WT TB animals showed a reduction of palmitic acid level in the scAT, corroborating the other results regarding 14 the FFA increased by cachexia, a fact that was not present in the TLR4 -/-TB mice.
Interestingly, this process showed less intensity in TLR4 -/-TB mice, including AT morphofunctional preservation. These data substantiate those found in some recent studies that demonstrated an impairment of TG turnover by cachexia 5, 35 . In this scenario, since TG turnover is affected by cachexia and partially diminished by TLR4 deletion.
In general, the effect of cachexia on expression of AT metabolic markers was attenuated in the absence of TLR4, particularly in genes related to glyceroneogenesis and TG reesterification. In fact, the role of TLR4 as a physiological regulator of fuel metabolism has been proposed 39 . In this study, during fasting, TLR4 -/mice showed lipid abnormalities that might result from increased TG mobilization, possibly through increased fatty acid reesterification in scAT, decreased in fatty acid oxidation, and/or increased de novo lipogenesis in key metabolic tissues. These results corroborate those presented in this study, demonstrating that, in addition to reduced lipolysis, TLR4 deletion may also be involved in the preservation of the deleterious modifications in fatty acid reesterification, induced by cachexia.
It has recently been shown that cachexia induces browning of AT in addition to changes in immune-modulatory activity. In this scenario, chronic inflammation and β-adrenergic activation of thermogenesis functionally cooperate in the pathogenesis of cachexia 3, 7 . In the present study, LLC-induced cachexia resulted in an increase in UCP1-positive adipocytes in AT of WT TB mice, followed by a marked upregulation of Ucp1 levels with absence of upregulation of Pgc1α, Prdm16, Cidea, and Cidec.
These results may be due to the assessed experimental period of 28 days (cachexia staging). Additionally, these results are in line with those presented in other studies with the same experimental model 40 .
Interestingly, TLR4 -/-TB showed a significant reduction browning of AT, as well as phosphorylation of p38 MAPK levels, both induced by cachexia. In this sense, the browning phenotype induced by cancer cachexia might be activated indirectly by p38 MAPK and the presence of TLR4 appears to be important in this setting.
Recently, it was demonstrated that phosphorylation of p38 MAPK activity was higher in the UCP1 positive axillary AT of cachectic (K5-SOS) animals 7 . Adaptive thermogenesis and UCP1 expression are mainly regulated by sympathetic tone through β-adrenergic signaling and cAMP levels, which can be directly sensed by protein kinase A (PKA) and thus lead to direct or indirect activation of p38 MAPK 41, 42 . In this sense, treatment with selective β3-adrenergic receptor (β3-AR) during 4 weeks ameliorates cachexia through attenuation of browning in axillary AT from K5-SOS. However, a well-designed recent study using experimental models demonstrated that full activation of adipose browning, including Ucp1 expression, in mouse and human cachexia seems to be variable, and the functional contribution to overall energy coats needs to be determined 23 .
A translational perspective on cancer cachexia was evaluated, taking into consideration the results of body mass defense and remodeling of AT after atorvastatin treatment. We observed that suppression of TLR4 significantly attenuates AT remodeling (atrophy and browning) induced by cachexia and also prolongs the survival of the mice that received the atorvastatin treatment (Fig. 5 ). The reduction of browning induced by cachexia has been demonstrated in different studies, through treatment with cyclooxygenase-2 inhibitor (Sulindac), β3-adrenergic receptor antagonist (SR59230A) 7 and knockout model for parathyroid hormone-related protein (PTHrP) 43 . However, none of the above-mentioned studies have shown results on survival, which is a key parameter to verify the pre-clinical efficacy of pharmacological intervention.
In cachexia, systemic inflammation is highly dependent on the patient's immune response. Cytokines are produced by host x tumor integration 44 and, at least in experimental model, IL-6, TNF-α, and IL-1β are major contributors to the wasting syndrome 6, 45 . In addition, systemic inflammation mediators have been used as markers of prognosis of the syndrome, in addition to the presence of cachexia 6, 46 . In the present study, the major inflammatory cytokines were abrogated in the same way, both TLR4 -/and pharmacological inhibition of TLR4 in TB mice. In fact, systemic activation of TLR4 increases cytokine synthesis and release from various host cells as an innate immune response 10 . Moreover, a recent study showed the presence of elevated levels of TNF-α and IL-6 in animals bearing-LLC tumor, which was attenuated in TLR4 -/mice in the same experimental condition (cachexia) 10 , corroborating the findings of our study.
Most of our findings in this study are based on the data obtained from TLR4 knockout mice. Global TLR4 targeting extends our knowledge of the role of this receptor in AT remodeling caused by cancer cachexia. The TLR4 null mouse model has a significant advantage compared with other knockouts since it prolongs survival from cachexia. The global knockout, however, did not allow us to track TLR4 function at specific developmental stages of cachexia. We also do not know whether some of the phenotypes observed here are due to an adipocyte autonomous, adipocyte non-autonomous or systemic effects. Taken all together, we showed in the present study that TLR4 disruption attenuated adipose tissue remodeling and metabolic dysfunction during the syndrome, thus suggesting a possible a therapeutic target for cancer-induced cachexia CONCLUSION Taken together, our combined data from the TLR4 knockout model and ATOR treatment clearly show that TLR4 plays an essential role in mediating tumorinduced AT remodeling and cachexia development. In this way, disturbing TLR4 signaling systemically may prevent scAT remodeling by abrogating, at least in part, its indirect effects. At this point, both the genetic ablation and the pharmacological inhibition of TLR4 were able to attenuate both the remodeling of the AT (atrophy and inflammation) and the metabolic dysfunction (lipolysis) induced by cachexia ( Fig. 6 ).
Also, we have presented, for the first time that the TLR4 receptor may play an essential role in the browning phenotype induced by cachexia. Interestingly, TLR4 -/also showed resistance to browning, suggesting that TLR4 receptor plays an essential role in the morphological alterations and homeostatic energy expenditure. Finally, it is clinically noteworthy that animals treated with a TLR4 inhibitor displayed general attenuation of AT remodeling and systemic inflammation ( Fig. 6 ), presenting an increase in the mice survival, which may have a relevant role as an adjuvant treatment option and a possible therapeutic target for cancer cachexia syndrome. Atorvastatin Treatment. For the inhibition of the TLR4 receptor via pharmacological action, Atorvastatin (Citalacor®) treatment was perfomed, currently described as a selective antagonist for TLR4. Only WT TB mice were used for this procedure. The animals were divided into two experimental groups: WT Tumor (TB) and WT TB + Atorvastatin (TB+ATOR). Both groups were treated with a concentration of 10 mg/kg/day of atorvastatin by orogastric gavage during the 27-day of protocol. The same protocol was performed for the animals that underwent the survival experiment. 
METHODS
Animal
RNA isolation and qRT-PCR. Total RNA was isolated from scAT using QIAzol
Lysis Reagent Protocol (QIAGEN) following the manufacturer's instructions. cDNA was synthesized from 2 μg of total RNA using iScript cDNA Synthesis Kit (BioRad).
Primer sequences used for qRT-PCR analyses were listed in Table S1 . Analyses of qRT-PCR products were performed with the Prism 7500 SDS software (Thermo Fisher Scientific). Relative quantification of mRNA amount was obtained by the by 2 - 
SVF isolation and Flow cytometry analysis. Stroma vascular fraction (SVF) from
scAT were excised and minced in PBS with calcium chloride and 0.5% BSA.
Collagenase II (Sigma-Aldrich) was added to 1 mg/ml and incubated at 37°C for 30 minutes with shaking. The cell suspension was filtered through a 100 μm filter and then spin down at 300 g for 5 minutes to separate floating adipocytes from the SVF pellet. Cells were incubated with Fc Block (BD Biosciences) prior to staining with conjugated antibodies for 15 minutes at 4°C. SVF were purified and stained with the 
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